In the following study we investigate the dynamics of high aspect ratio nanowires held in a single gradient force optical trap in an overdamped environment. Power spectrum analysis performed on the stochastic trajectory of the optically trapped nanowires indicate that the motion of these nanowires shows characteristics of underdamped motion, where a broad resonance peak is present in the power spectrum of amplitude fluctuations under certain conditions. The resonance occurs when the nanowires are trapped at a height of 50 μm from the cover slip of the sample chamber. The emergence of a resonance peak in the power spectrum could be attributed to the non-conservative motion of nanowires being nonspherical, thus creating a bias towards cyclic motion as examined theoretically by Simpson and Hanna [12].
INTRODUCTION
An optically trapped object simulates an overdamped system which undergoes Brownian motion modulated by lateral and translational restoring forces, as described by Einstein-Ornstein-Uhlenbeck theory. In the case of a sphere in a Gaussian trap, the Fourier spectrum of the trajectory can be fitted with a Lorentzian curve, where the corner frequency denotes the trap stiffness in each orthogonal axis. This model is generally applicable to most optical trapping experiments, but breaks down when the effects of more complex hydrodynamic interactions, trap geometry, and particle geometry become significant. Calculations show that for a spherical particle, resonance behavior occurs when the trap is underdamped [1, 2] . The emergence of a resonant peak as the trapping conditions transition from over-to underdamped oscillations has also been shown [2] . In terms of trap geometry, rotation of the trapped particle may also be caused by manipulating the angular momentum of the trapping laser such as the use of the Laguerre-Gaussian beam [3, 4] . As for particle geometry, it has been shown that shaped induced birefringent particles can be trapped and rotated [5, 6] . It has also been shown that a combination of two or more of the above factors will lead to anomalous trapping dynamics as well, such as Arita's [7] demonstration of rotational motion of a trapped birefringent particle in an underdamped environment using circularly polarized light, achieving rotation frequencies of up to 5 MHz.
A special case of complex particle geometry in optically trapped objects comes in the form of high aspect ratio particles. Optical trapping of high aspect ratio nanostructures i.e. nanowires and nanorods have attracted much attention due to their great potential in the development of nanoscale devices in nanoelectronics. In the context of optical trapping, the asymmetry of elongated objects leads to anomalous dynamical behavior. On top of the conventional 3 translational degrees of freedom, a trapped nanowire or nanorod may also undergo angular fluctuations [8] . There have been a number of optical trapping experiments [8] [9] [10] and calculations [10] [11] [12] [13] on high aspect ratio elongated objects. It is established that an elongated object within an optical field is sensitive to the polarization and intensity gradient of the incident optical field [12, 14] . Elongated objects of lengths smaller than the depth of focus of the trapping objective tend to align along the polarization of the optical field due to higher polarizability along the symmetry axis [12] , while longer nanorods tend to align to the optical axis to maximize the overlap between the trapped particle and the incident field for minimizing potential energy [12, 14] . Simpson and Hanna showed through calculations the emergence of cyclic motion due to the non-conservative nature of optical forces when non-spherical particles are trapped within a linearly polarized Gaussian beam trap [15] . This is seen experimentally in Pauzauskie's demonstration of oscillations in optically trapped Our interests lie in linearly polarized gradient force optical trap with tapered cylindrical nanowires of uniform composition and refractive index profile. Based on our previous study, the equilibrium trapping position of InP nanowires has been determined to be near one end, with the major segment of the length sitting below the trap far from their centre of mass [17] . In this study we present the peculiar behavior of an optically trapped InP nanowire with high refractive index, aligned to the optical field with minimal tilt but exhibiting strong resonances that mimic rotational motion. This is different from the work previously presented [10] where rotation occurs in relatively high tilt angles. In particular, we observe significant resonance peaks at frequencies up to a few kHz in the power spectrum of trapped nanowires.
MATERIALS AND METHODS

Optical tweezers setup
A gradient force optical trap is generated using a Nd:YAG laser at 1064 nm and 3 W maximum power (Laser Quantum Ventus 1064). The beam is passed through a high pass filter at 800 nm to remove the pump source laser and a half wave plate to orient the polarization in the preferred direction for the following optics. The trapping laser is then passed through a two-axis acousto-optic deflector (AOD) (Gooch and Houesgo Model 45035 AOD), expanded to overfill a spatial light modulator (SLM) (Hamamatsu LCOS-SLM x10468-03), and then contracted to just overfill the back aperture of a 100x oil immersion microscope objective lens with a numerical aperture (NA) of 1.25 (Nikon E Plan Achromat 100x 1.25NA). The AOD enables electronic beam steering while the SLM is used to correct aberrations and control the axial position of the trap. Taking into account all the optical transmission losses along the optical path, we are able to achieve a maximum trapping power of 155 mW at the focus, although measurements are typically conducted at a power of 40 mW, unless otherwise stated. For visual purposes, a charged-coupled device (CCD) camera is used to image the plane of the optical trap and a white light source is used for illumination. 
Nanowires
InP nanowires used in this study are epitaxially grown on InP (111)B substrates by Au nanoparticle-catalyzed technique using a metal-organic chemical vapor deposition (MOCVD) system [18] . The diameters of these nanowires are determined by the size of the gold nanoparticles, and they have a slight taper angle of about 0.3° as characterized by SEM images in our previous work [19] . Nanowires of known diameters are then transferred into solution by water bath sonication of the substrate on which they are grown on. The solution containing the nanowires diluted to a concentration such that no more than one nanowire is present within the field of vision, and that a trapped nanowire can stay within the optical trap for at least 5 minutes before it is knocked out by a different nanowire. The solution containing nanowires is then placed in a hermetically sealed chamber (5 mm in diameter, 100 um in height) for our experiments.
Data collection
Individual nanowires are trapped and their scattered light is collected by a 40x condenser lens with a NA of 0.6 (Olympus S Plan Fluor 40x 0.6NA), and projected onto a quadrant photo-diode (QPD) (Electro Optical System InGaAs 030 QUAD) placed in the back focal plane of the condenser lens. The four channels from the QPD are wired to an FPGA acquisition card (National Instruments PCIe-7852R) such that we can perform synchronous data acquisition and AOM control for trap calibration. For each set of fixed parameters (length, trapping power, polarization etc.), we recorded a series of at least 5 time series measurements, each sampled at 10 kHz over 2 seconds, hence the power spectra are generated from data with a total measurement time of at least 10 seconds.
RESULTS AND ANALYSIS
We perform a power spectrum analysis [20] on the trajectory of a trapped nanowire by fitting a power spectrum, (1), to the Fourier transform of the time series of the nanowire displacement. The nanowires used in our experiments are best described as rigid cylinders, hence the viscous drag, γ is described by an anisotropic hydrodynamic mobility tensor [8] .
where ⊥ γ and || γ are the drag coefficients perpendicular and parallel to the symmetry axis of the cylinder, while ⊥ δ and || δ are correction factors accounting for the ends of the cylinder which depends on the aspect ratio of the cylinder, l/2r, and was calculated by Tirado [21] .
From the Fourier transform of the time series of the nanowire trajectory (Figure 2(a) ), we obtain a power spectrum (green plot in Figure 2 (a)) that fits a Lorentzian curve (red curve in Figure 2(a) ), which allows us to extract the corner frequency, f c and calculate the trap stiffness, κ of the trapped nanowire. For our nanowire of 50 nm in diameter and 5 μm in length (Figure 2(c) ), we found ⊥ γ to be 0.0102 pNμm -1 s and κ is found to be 2.9 pNμm -1 mW -1 in this measurement, which is comparable to previously published results [22] .
However, a broad resonant peak starts to emerge in the power spectrum as we change the trapping distance from the cover slip (blue plot in Figure 2(a) ). The resonance peak emerges and persists only as the nanowire is trapped at a critical distance of about 50 μm from the cover slip, and reverts back to over-damped motion with increased or decreased distances. The emergence of resonance is also reflected in the autocorrelation function of the nanowire trajectory, where a fluctuation between positive and negative correlation can be seen, as shown in Figure 2 (b). 
DISCUSSION
The emergence of this resonant peak cannot be accounted for in the conventional power spectrum analysis method for optical tweezers, hence a more detailed analysis is required to understand our results. Here we will consider a few models that may explain anomalous behaviors in optical traps and arrive at the most probable explanation based on available experimental results.
Although the shape of the curves is quite characteristic of underdamped motion, we rule out the underdamped Langevin equation and any theories involving inertial effects because our experiments are performed in a low Reynolds number environment where inertial effects are heavily suppressed. We also discount the possibility of particle hopping between multiple stable trapping points on the basis of a smooth Gaussian distribution of all translational displacements of the trapped nanowire, as can be seen in Figure 3 (a) . We also reject high tilt angle rotation because no visible tilting is visually observed when our nanowires are trapped, albeit heavily modulated by Brownian motion.
A winding number plot is made to track the rotation of the trapped nanowire (Figure 3 (c) ). From the plot, it can be seen that although there are some fluctuations in the winding number, the net effect is an increase in the number of turns in one direction over time. A net increase in winding number implies that rotation is occurring, while fluctuations in the winding number indicate that this rotation is modulated by Brownian motion. The winding number has a larger rate of increase in the case when a resonant peak is observed, implying a higher number of turns and stronger rotational motion. We therefore conclude that the resonant peak is due to the rotational contribution from the motion of the nanowire within the optical trap.
We note that Simpson and Hanna predicted the emergence of cyclic motion in optically trapped rods due to the coupling between translations perpendicular to the long axis and rotation about axes perpendicular to both the long axis and translation direction [15] . This is a shape induced effect which is only observable in low symmetry particles. Cyclic motion is reflected in the increasing phase angle, which is a measure of the number of rotations. Our results are in qualitative agreement with the prediction of Simpson and Hanna, although we observe a much higher frequency in our system compared to the simulation results. We believe this discrepancy is due to the much higher refractive index as well as the differences in the dimensions of the nanowires used in our measurements. As can be seen from Figure 3(c) , rotation occurs even in the absence of the resonance peak, but at a lower rate. We propose that the height dependence of this effect is due to changes in the trapping strength derived from spherical aberrations in the trapping beam. It can be seen from the plots that the nanowire is better confined in the x direction. (c) A winding number plot of the nanowire under resonant and non-resonant conditions. The increasing winding number for both cases implies that the nanowire is rotating within the trap, while a larger increase in winding number for the nanowire under resonance indicates that it has a higher rotation frequency than when it is non-resonant.
CONCLUSION
In summary, we observed a resonant peak in the power spectrum of an optically trapped InP nanowire which is due to the rotation of the nanowire within the trap. This is supported by theoretical predictions of cyclic motion in anisotropic objects within an optical trap by Simpson and Hanna. The winding number of the particle trajectory provides further evidence that the trapped nanowire undergoes cyclic motion. Further investigations into the dependence of this effect on trapping power, polarization, and nanowire dimensions will be carried out to better understand this phenomenon.
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